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During the nine months of NASA grant (NSG-1322), we have obtained 
rate constant data for reactions of chlorine atoms with three stratospheric 
constituents, NO, NO 2 , and SO2 .' In addition, the absolute absorption 
cross-sections for three lines in the 9-0 band of the A 21-X 211 transition 
of the C10 radical have been measured. A detailed discussion on the rate 
data for the reactions, 
C1( 2 P3/2 ) + NO + M > C1NO + M 	(240-350K) 
C1( 2 P3/2 ) + NO 2 + M 	r C1NO2 + M 	(240-350K) 
C1( 2 P 3/2 ) + SO 2 + M 	 SO2C1 + M 	298K 
is presented in Section A. Section B describes the work carried out on 
the C10 absorption cross-section measurements. 
SECTION A  





Chlorine has now been established as a key reactive species in the 
stratosphere. The reaction of chlorine atoms with 0 3 results in a de-
pletion of ozone through the catalytic cycle, 
Cl +0 3 	---+ C10 + 0 2 






The chain length of this cycle is controlled to a very large extent by 
other constituents of the stratosphere (CH 4, HO2, H2, etc.), which react 
with chlorine atoms, thereby temporarily "tying up" this species in an 
inactive form. In addition to the above catalytic cycle, reactions in- 
volving NO x also deplete ozone. Recently, however, the C10 radical has been 
shown to react with NO 2 to form an inactive species, C1ONO 2 . Thus, 
this reaction couples ClOx chemistry with NOx chemistry, and repre-
sents a short term sink for both active species. 
To further our understanding of such sink processes which relate 
the C10x cycle to the NO x cycle, we have examined the reactions of 
Cl atoms with NO and NO 2 , i.e., 
(a) C1(2P3/2) + NO 	---11—* C1NO 
(b) C1(2P3/2) + NO
2 	
C1NO2 ' 
In addition to the above processes, we have also investigated a 
totally new sink reaction involving the sulfur species, SO 2 . The latter 
study was initiated, in part, due to the recently reported SO 2 results 
4 
of Sagawa and Itoh (1976). Measurements by these authors suggest strato-
spheric SO2 levels in the parts per million range, Hence, we have 
studied the reactions of Cl atoms with SO 2 ' 




to explore the possibility that the product of this reaction might act as 
a sink for Cl atoms. 
5 
Experimental  
In this investigation of reactions (1), (2), and (3), the well-
established technique of flash photolysis-resonance fluorescence was 
used. A complete description of the system (Davis, et at., 1974, 1972a, 
1972b) and the specific experimental procedures for studying Cl atom 
reactions (Watson, et a., 1976) have been published elsewhere. Hence, 
in this report, we have pointed out only those features unique to the 
present study. 
In this investigation, a Pyrex cell with an internal volume of 
q,150cm
3 
was employed. The reaction mixture was maintained at a known 
constant temperature by circulating either methanol (240-300K) or sili-
cone oil (350K) from a thermostated circulating bath through the outer 
jacket of a reaction cell. The temperature of the reaction cell was 
measured with an iron-constantan thermocouple. The photolysis of either 
10p of CC1 4 or 25p of CF2C1CFC1 2 was used to produce Cl atom 




 . All three reactions were studied under 
pseudo-first order conditions, with the concentrations of the stable re-
actants (NO, NO 2 , or SO 2 ) in large excess. 
6 
Results  
The results for the Cl + NO , and Cl + NO
2 study are shown in 
Tables I and II. At each temperature and diluent gas pressure, the bi-






) were computed from measured 
pseudo-first order rate constants using a linear least square analysis. 
The quoted errors for each k bi are 26 . The values of kbi were 
measured as a function of pressure fortwo diluent gases, He and N 2 . 
Plots of k bi vs pressure, for reactions (a) and (b), are shown in 
Figures 1 and 2. In addition, the dependence of In k ter vs 1/T , for 
reactions (a) and (b), are shown in Figures 3 and 4. A least square 
analysis of the temperature data on reactions (1) and (2) gave: 
k
a(ter) 
= 1.63 x 10 -33 e (1186/T) 	for M = He , 
and 
	
kb(ter) = 1.45 x 10 -31 e (529/T) 
	
for M = He 





for M = N
2 • 
At room temperature, the Ci + SO 2 + M reaction did not proceed 
to a measurable extent until the total pressure of the nitrogen diluent 
gas was increased to 500 torr. Even under these high pressure conditions, 
the bimolecular rate constant was only %1.5 x 10
-15 
. We also observed 
that a plot of the pseudo-first order rate constant Cc vs [S02 ] was 
non-linear, probably indicating that SO 2 is a more efficient third body 
than N
2 • 
We have estimated the value of kc(N ) 
to be (1,9 x 10
-35 
2 
based on the linear initial part of the lc' vs [50,] plots. 
Discussion  
(i) C1(2P3/2) + NO 	 C1NO 
As shown in Figure 1, k"a at 298K increases linearly with the 
pressures of both N 2 and He 	The linearity of the plots indicates 
that this reaction is truly termolecular at the pressures studied. Also, 
we find N 2 
to be a better third body than He ; the efficiency ratio is 
1.4 . Only one value of k a has been reported in the literature (Clark, 
Clyne, and Stedman, 1966). These authors reported a preliminary kN2 








at 293K. However, there is 
some indication that the above results might have been as much as 15% too 
low due to a systematic error in their technique (Watson, NBS Rate Con-
stant Review). The NBS value of k a of 1.1±.2 x 10-31 is in very good 








for M=N 2 . 
At the present time, therefore, it appears that the new measurement of 
ka should not have any impact on existing modelling efforts on either the 
C10x or NOx catalytic cycles. It should be noted, however, that the 
negative temperature dependence (E a = +2348 cal/molec) for reaction (a) 
will result in a 220K rate constant four times larger than that at 300K. 
7 
8 




Figure 2 shows a plot of k b (at 298K) as a function of pressure 
for the third body gases, N 2 and He 	Both plots are linear up to 50 torr 
of N2 and 200 torr He 	At 200 torr of N 2 , the value of k b is rv,5% 
lower than that extrapolated from the lower pressure value of k b ; simi-
larly, the 500 torr He value is r‘ ,16% lower than that extrapolated from 
the low pressure data. These trends indicate that this reaction could 
very well be in the high pressure fall-off regime above '1 ,100 torr of N 2 
 or 200 torr of He . This would indicate that under stratospheric condi-
tions, the reaction is termolecular. 
Only one value of k b has been reported in the literature (Clyne 
and White, 1974). These authors have listed a provisional value for k b 








Our value for k b (M=, N 2 ) is two 
times higher than that reported by Clyne and White. Since reaction (b) 
also has a negative temperature dependence of 980±100 cal/mole, at 
stratospheric temperatures k b would be six times higher than the value 
used in some stratospheric models. The latter situation would be true in 
those cases where a particular model had assumed no temperature dependence 
for kb . It is expected that the measured change in the value of k b 
 should have a calculable effect on existing stratospheric models. Our 
best estimates, at the moment, are in the range of a 3-10% lowering of 










Our investigation of reaction (c) has shown that this process is 
sufficiently slow that even at very high stratospheric concentrations of 
SO2 (as reported by Sagawa and Itoh), it is very unlikely that this 
reaction could act as an effective chemical trapping process for 
chlorine atoms. 
TABLE I 










































15 (6.08±0.45)x10 -14 
30 (1.16±0.08)x10-13 1.24x10 -31 
50 (1.99±0.07)x10 13 
75 30x10
'13 J • 





100 He (2.95±0.28)x10 -13 
200 He (5.78±0.29)x10 -13 
240 80.5 He (7.30±0.58)x10 -13 2.27x10-31  
270 90.5 He (4.17±0.28)x10 -13 1.30x10 -31 I k = 1.63x10
-33
eY n(112A/T) 
298 AM l  luu He (2.95+.28)x10 -13 8.98x10-32 















































If only the first three 





























If only the first four 
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SECTION B  
17 
Absolute Absorption Cross-sections of C10 
18 
High Resolution Absorption Cross Sections for the A
2
IT - X 2 II System of C10 
1. 	Introduction 
The C10 molecule is believed to be an important intermediate in the 
catalytic destruction of ozone by chlorine-containing compounds. (1) A 
quantitative assessment of ozone depletion resulting from the injection of 
large amounts of chlorofluorocarbons into the atmosphere requires a knowledge 
of both numerous C10 formation-destruction rates and stratospheric C10 
concentrations. While accurate rate constants for many of the significant 
kinetic processes are now available,
(2) 
the determination of stratospheric 
concentration profiles remains a difficult problem. Interest in UV absorption 
as a potential monitoring technique has increased considerably since recent 
attempts to observe C10 fluorescence proved unsuccessful.
(3,4) 
However, before 
application of this technique can become a reality, absorption cross sections 
must be known accurately. At present, only low resolution data is available. (5 ' 6) 
 High resolution cross sections are needed for several reasons: (1) high 
resolution measurements are inherently more sensitive since the sample can be 
probed only where the absorption cross section is maximized, (2) only in the 
high resolution limit is the measured apparent cross section (i.e., the cross 
section computed under the assumption that all C10 molecules can absorb the 
incident radiation) independent of bandwidth, and (3) for monitoring purposes, 
high resolution makes it possible to distinguish C10 absorption from background 
0 3 absorption by simply tuning the spectroscopic probe on and off a line. In 
this paper, we report C10 absorption cross sections which were measured using 
0 
a frequency doubled tunable dye laser with a bandwith of .015A (much narrower 
than the width of a single spectral line) as the spectroscopic probe. 
19 
2. C10 Spectroscopy 
The spectrum of C10 A
2H. - X2H i was first observed in emission from 
flames by Pannetier and Gaydon (7) and in absorption by Porter. (8) Vibra-
tionalandrotationalassignmentsfortheA 2E.state were first given by 
Durie and Ramsay. (9) The recent work of Coxon and Ramsay
(10,11)
has 
resulted in a correction of the-vibrational assignments, more accurate line 
frequencies, and estimates of linewidths. The reported linewidths are 
constant within a band but vary from band to band over a range of 0.3 
to 5cm , indicating that predissociation occurs from all vibrational levels 
with lifetimes in the picosecond range (thus explaining the inability of 
investigators to observe C10 fluorescence (3; 4) . 	For our initial experi- 
ments, we have chosen to study the A
2
E 3/2 - X
2
E 3/2 9-0 band. Although the 
11-0 band has the largestFranck-Condon factor,
(12) 
the 9-0 band is expected 
to have the largest peak absorptions and best resolved spectrum; this is 
0 
because the P(J) and R(J+3) lines exactly overlap (to within .005A), resulting 
in a spectrum which exhibits half the expected number of lines but double the 
expected peak intensities. Furthermore, overlap of the weaker A
2




system with the 9-0 band is minimal. Over the spectral range 2822-2834A, only 
a few weak, high J lines of the A
2 H I - X 2 H I, 9-0 band are found; the intensities 
2 
of these lines are negligible compared to the A
2
E 3/2 - X
2
n 3/2 9-0 line intensi-
ties. Since the spacing between adjacent rotational lines increases with 
increasing J, optimum resolution is obtained when studying high J levels. 
However, for J" > 12.5 (at 300 ° K), line intensities decrease with increasing 
J due to diminishing population in the ground state J" levels. As a compromise 
between absorption intensity and resolution, we have focussed most of our 
attention on the R(19.5-21.5), P(16.5-18.5) lines. 	For completeness, measure- 
ments have also been made in the bandhead region. 
20 
3. Experimental 
The experimental apparatus is shown schematically in Figure 1. 	It 
consists of two major components--a flow system for producing a known 
concentration of C10 and a laser system for producing a narrow line spec-
troscopic probe. 
C10 was prepared by the reaction 
Cl + 0 3 	C10 + 0 2 • 	
(1) 
Chlorine atoms were generated by passing a C1 2/He mixture through a micro-
wave discharge, while ozone was generated using a commercial ozonizer and 
stored at 196 ° K in a U-tube packed with silica gel. Ozone (95% 0 3 , 5% 0 2 ) 
was admitted to the flow tube through a movable injector which was positioned 
2cm upstream from the monitoring region to assure complete mixing of gases. 
The 0 3 concentration in the absence of Cl atoms was monitored by absorption 
0 
of the 2537A line from a mercury pen-ray lamp. In the presence -of an excess 
of Cl atoms, reaction (1) proceeds very quickly to completion (k '1,10
-11
cc/molec-
sec), resulting in a C10 concentration equal to the initial 0 3 concentration. 
Experiments were always performed with Cl atoms in excess to avoid overlapping 
absorption by 0 3 and C100. The C100 molecule is formed in secondary reactions 
but itself reacts so quickly with Cl that, if Cl is in excess, the steady 
state concentration of C100 is negligible. Two criteria were satisfied 
0 
simultaneously to prove that Cl atoms were in excess: (1) absorption at 2537A 
falls by a factor of 2.7 when Cl atoms are added to the 0 3 (2.7 is the ratio 
of the absorption cross sections at 2537A for 0 3 and 
C10(13-15) 
and (2) the 
• 
chlorine afterglow, which results from atom-atom radiative recombination, is 
observed downstream from the observation region. To insure that the C10 
0 
concentration remained constant during an experiment, absorption at 2537A was 
monitored continuously. The typical operating pressure in the flow tube was 
1.2 torr. 
21 
The C10 concentration was expected to decay down the flow tube as a 
result of the reaction 
C10 + C10 
C1
2 





C100 + Cl 











ments in which C10 absorption was measured at varying distances from the 
formation region confirmed that reaction (2) controls the 010 gradient. For 
most experiments, the laser probe was positioned 4cm downstream from the pen-
ray lamp. With our linear flow rate of % 400 cm/sec and an initial C10 concen-
tration of 1 x 10
15 
molec/cc, reaction (2) resulted in a 25% decay over 4 cm. 
Since C10 was probed more than .01 sec after its formation, total relaxation 
was virtually assured and absorption due to "hot" bands should have been 
negligible. Absorption measurements were carried out at C10 concentrations 
which varied from 3.8 x 10
14 
to 1.2 x 10
15 
molec/cm
3 . The amount of absorption 
was found to scale linearly with concentration, thus indicating that no product 
of C10 + C10 chemistry could be an interfering absorber. 	To further test the 
possibility that an impurity or product of secondary chemistry could absorb 
radiation in the same wavelength region as C10, an experiment was performed 
where NO was added to the flow through the secondary inlet. NO consumes C10 
very quickly via the raction 





so in the presence of excess NO, no C10 absorption should have been observed 
downstream at the laser probe. In fact, when C10 was titrated with NO, no 
absorption was observed. Even though this result is not completely definitive 
22 
(i.e., it is possible that some species which also reacts quickly with NO 
could still be an interfering absorber), it strongly suggests that interfering 
absorptions were not a problem. 
The frequency doubled tunable dye laser is described in detail elsewhere.
(16
' 
The tuning elements were three air-gap Fabry-Perot etalons. Laser wavelengths 
and line profiles were measured .with a SPEX 3/4 meter monochromator in fourth 
order. The monochromator was calibrated using several iron lines in the spectral 
0 
region 2800-2850A; the wavelength measurements are estimated to be accurate to 
0 
+.1A. The laser spectral profiles showed a strong line containing >95% of the 
0 
total intensity with a weak satellite.2A on one side of the main line. The 
linewidth was too narrow to measure with the monochromator, but was estimated 
0 
by pressure tuning through an OH absorption line (doppler width = .012A) and 
observing the fluorescence signal as a function of pressure. The laser line-
0 
width was found to ' .015A. 




, a four pass absorption path was employed. The path length was 
determined to be 20.6cm by measuring the absorption resulting from known 
amounts of added Cl
2 
and 0 3. The incident laser intensity was measured by 
deflecting a few percent of the incoming beam to a photodiode while the 
transmitted intensity was measured by a second photodiode. The photodiode 
signals were fed into different channels of a gated charge integrator for 
signal averaging. A single data point was obtained by measuring the ratio 
of incident to transmitted laser power with ozone turned off (I 0 ), then with 
ozone turned on (I), then again with ozone off (to check for drift in I s ). 
About 3000 laser pulses (pulse rate = 10 sec
-1 ) were averaged to obtain each 
data point. Both photodiodes were carefully tested for saturation by measuring 
23 
the absorption resulting from known amounts of C1 2 in a cell of known path 
length; no evidence for saturation was found. Laser power and beam spatial 
profile measurements were carried out to assess the importance of bleaching --  
a phenomenon which occurs when the population of absorbers is significantly 
depleted due to absorption from an intense laser beam. It was concluded 
from these measurements that the reduction in measured absorption resulting 
from bleaching was negligible. 
4. 	Results and Discussion 
Absolute apparent absorption cross sections are plotted versus wave- 
0 
length in Figure 2. The solid line in the 2829-2831A region represents a 
"visual" average of all the experimental data in that spectral region. The 
2e error in the reported cross sections is typically +20%, with the C10 con-
centration measurement and (particularly in the case of weaker absorptions) 
the uncertainty in I/I 0 being the principal sources of error. 
0 
Two interesting aspects of the data in the 2829-2831A region are the 
0 
appearance of an unassigned peak at 2830.6A and the overall lack of resolution. 




No rotational analysis of 
37
C10 has been carried out, but positions of the 
37
C10 bandheads relative to the corresponding 35 C10 bandheads have been 
reported by Briggs.
(18) 
Using Briggs' isotope shifts and an approximate 
37
C10 rotational constant calculated from the reported 
35 C10 rotational 
constant and the ratio of reduced masses, we have calculated 
37
C10 line positions. 
Considering the isotopic abundances (24.5% 37C10, 75.5% 35 C10) and assuming a 
thermal population distribution (300 ° K) of ground state rotational levels, 
0 
it is estimated that ti 35% of the total absorption intensity in the 2829-2831A 
region is due to 
37
C10. The exact appearance of the spectrum depends not only 
24 
upon line positions and relative intensities, but also upon linewidths. 
Estimates for 
35
C10 linewidths are available but 
37
C10 linewidths are 
unknown. For the purpose of simulating the spectrum, we have assumed that 
the 
37
C10 linewidths are equal to those for 
35
C10. 	In Figure 3, spectra 
0 
which were calculated assuming Lorentzian lineshapes and linewidths of .20A 
and .32A respectively (the 
35
C10 linewidth reported by Coxon and Ramsay is 
( 
.17A' 1°) ), are compared with the experimental spectrum. Due to the uncertain- 
ties in C10 line positions and linewidths, the simulated spectra are very 
approximate in nature. Nonetheless, some useful qualitative conclusions can 
be drawn: 	(1) a baseline resolved spectrum is not feasible, (2) the unassigned 
spectral feature could be a 
37
C10 line, and (3) when compared with experimental 
data, the simulated spectra suggest that the 
35
C10 linewidth could be somewhat 
wider than estimated by Coxon and Ramsay.
(10) 
Examination of the simulated spectra suggests that, at each of the three 
main peaks, a good estimate for the fraction of intensity which is attributable 
to 35 C10 is 85 +5%. This fraction of the total cross section is partitioned 
between the R(J"+3) and P(J") lines. The ratio of apparent cross sections for 













where S P is the line strength of the P(J") line
(19) and AE E E 	-E 
J" i 
	 J"+3 J"' 
The real cross section is the apparent cross section divided by the fraction 
ofthetotalX2 H.population found in the level from which absorption occurs. 
Isotopic abundances, spin-orbit splitting (A = 318cm
-1 (20)), 
 and the 
25 
rotational and vibrational state population distributions have been considered 
in computing this fraction. Apparent and real cross sections for the R(19.5-21.5) 
and P(16.5-18.5) lines are given in Table 1. 
It has been observed that the optimum wavelength region for stratos- 
0 
pheric measurements of C10 by absorption is '\,3000A (3-0 and 4-0 bands), even 
though the absorption cross sections in this wavelength region are rather 
small. (6)  This is because Rayleigh scattering and interfering absorption by 
ozone become progressively more important at shorter wavelengths. Thus, our 
future efforts at measuring ClO absorption cross sections will be focussed on 
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9-0 band (T = 300 °K). Accuracy 
Line 
is +25%. 	Precision 	is +10%. 
Gapp(10 -18cm 2 ) 
6(10 - ' 7 cm2 ) 
R(19.5) 2.5 5 10.6 
R(20.5) 2.3 10.3 
R(21.5) 1.9 9.2 
P(16.5) 2.8
5 10.0 
P(17.5) 2.6 9.6 




Figure 1. 	Schematic of experimental apparatus. 








9-0 band. o: (C10) = 1.2 x 10
15 
molec/cc; 
0: (C10) = 1.0 x 10
15 
molec/cc; x: (C10) - 3 . 8 x 10
14 
molec/cc; 
"visual average" spectrum. 
Figure 3. 	Comparison of simulated Cl° spectra with the experimental spectrum. 
The more intense sequence of lines in the simulated spectra repre- 
sent 
35
C10; the weaker sequence of lines represent 
37
C10. A: experi- 
o 
mental spectrum; B: all (pairs of) lines assumed to have .20A 
0 
linewidth; C: all (pairs of) lines assumed to have .32A linewidth. 
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